rf ' \j i i \ I. s-: : ..." : . 
t^s-ia ^^^^ ;.S4i : \. : .» a J:';*,-.: d ^ <j/ 

TRANSISTOR SWITCH FOR HIGH FREQUENCY 
AND HIGH POWER APPLICATIONS 

BACKGROUND OF THE INVENTION 

[0001] The invention relates generally to transistor switches, and more specifically 
to transistor switches used for high frequency and high power applications. 

[0002] Typically, in power electronic applications, it is desirable to operate at high 
switching frequencies especially in motor control and switch mode power supplies. 
For most of the high switching frequency applications in power circuits, it is generally 
required to use power devices with improved switching performance. 

[0003] Gas discharge switches can be used for high frequency pulsed power 
applications. A few disadvantages of gas discharge switches are low repetition rates, 
short service lifetimes, weight and size. Such disadvantages can be overcome by 
using semiconductor switches. Semiconductor based switches typically have lower 
power dissipation, longer life, fast turn-on and turn-off, high blocking voltage and 
improved current handling capability. 

[0004] PiN bipolar rectifiers are typically used in power circuits for rectification 
and as anti-parallel diodes for switches such as insulated gate bipolar transistors 
(IGBT) and metal oxide semiconductor field effect transistors (MOSFET). One 
limitation of such devices operating at high switching frequencies is the reverse 
recovery process when a large reverse transient current flows through the device 
thereby increasing the diode power dissipation and producing an undesirable stress 
upon the power transistors operating in the circuits. Other rectifiers such as Silicon 
Schottky rectifiers on the other hand exhibit poor, reverse blocking characteristics due 
to the Schottky barrier lowering effect and the large forward voltage drop that results 
when designed for high blocking voltage. 

[0005] Power bipolar transistors are also used for high switching frequency and 
medium power applications. Most bipolar transistors are current controlled devices 
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and a large reverse base drive current is often needed to get a fast turn-off. Such 
devices are prone to second breakdown failure mode under simultaneous application 
of high current and high voltage as usually encountered in inductive power circuits. 

[0006] Static induction transistors can also be used for high switching frequency 
applications. Charge transport in such transistors is due to majority carriers (for 
example electrons) flow through the channel, which is controlled by a channel 
potential barrier "induced" by a drain-source and a gate-source potential. Such 
transistors are typically vertical channel structures with uniform doping in the channel 
region. On proper scaling of such devices, large current handling capacity and low 
power dissipation in the on-state can be achieved. One problem with such transistors 
when made in silicon is their inability to withstand high blocking voltage because of 
low bandgap energy. 

[0007] It is therefore desirable to design a transistor switch that is suitable for 
operating in high switching frequency as well as withstanding high blocking voltages. 

BRIEF DESCRIPTION OF THE INVENTION 

[0008] Briefly, in accordance with one embodiment of the invention, a static 
induction transistor for a system operating at high switching frequencies is provided. 
The static induction transistor comprises a graded channel region between a source 
region and a drain region, the graded channel region configured for providing a low 
resistance to mobile negative charge carriers moving from the source region to the 
drain region, wherein the graded channel comprises at least two doping levels. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] These and other features, aspects, and advantages of the present invention 
will become better understood when the following detailed description is read with 
reference to the accompanying drawings in which like characters represent like parts 
throughout the drawings, wherein: 
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FIG. 1 is a cross-sectional view of an embodiment of a static induction 
transistor implemented according to one aspect of the invention; 

FIG. 2 is a cross-sectional view of an embodiment of a graded channel 
implemented according to one aspect of the invention; 

FIG. 3 is a graph illustrating a doping profile used for a graded channel 
implemented according to an aspect of the invention; 

FIG. 4 is a block diagram illustrating an electrical field around a static 
induction transistor implemented according to an aspect of the invention; and 

FIG. 5 is an embodiment of a high frequency, high power system employing 
the static induction transistor of FIG. 1 to which embodiments of the present invention 
are applicable. 

DETAILED DESCRIPTION OF THE INVENTION 

[0010] FIG. 1 is a cross-sectional view of an embodiment of a static induction 
transistor implemented according to one aspect of the invention. Static induction 
transistor is an example of a transistor switch. Other examples of transistor switches 
include vertical field effect transistors (FETs) like JFETs and accumulation FETs 
(ACUFET). The description is continued with reference to static induction transistors 
but the design can be implemented in other embodiments of transistor switches as 
well. 

[0011] In an embodiment, the static induction transistor is designed using a wide 
bandgap semiconductor material with a high thermal conductivity. As used herein, 
"wide bandgap" refers to a semiconductor material with a band gap of above 2.0 
eV(electron-volts). Examples of wide bandgap materials include, but are not limited 
to Silicon Carbide, Zinc Oxide, Boron Nitride, Aluminum Nitride, Gallium Nitride 
and Diamond. 
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[0012] Static induction transistor 100 is shown comprising source region 110, 
drain region 120 and a gate region 130. The source region comprises source contact 
111. Similarly the drain region and the gate region comprise drain contact 121 and 
gate contact 131 respectively. The source region and the drain region are negatively 
doped (n+) using mobile negative charge carriers whereas the gate region is positively 
doped (p+). In one embodiment, where the static induction transistor is designed 
using silicon carbide, the doping level of the source region and the drain region is 
10 18 /cm 3 . 

[0013] As used herein, "adapted to", "configured" and the like refer to mechanical 
or structural connections between elements to allow the elements to cooperate to 
provide a described effect; these terms also refer to operation capabilities of electrical 
elements such as analog or digital computers or application specific devices (such as 
an application specific integrated circuit (ASIC)) that are programmed to perform a 
sequel to provide an output in response to given input signals. 

[0014] The static induction transistor further comprises graded channel 140 
disposed between the source region and the drain region. The graded channel is 
configured for providing a low resistance to mobile negative charge carriers moving 
from the source region to the drain region, wherein the graded channel comprises at 
least two doping levels. As used herein, "graded channel" refers to a channel that has 
multiple doping levels. 

[0015] In one embodiment, the graded channel is doped at two doping levels. The 
doping level of the channel near the source region is higher than the doping level at 
the drain region. The graded doping results in a lower electric field near the source 
region compared to the drain region. The low resistance allows the electrons in 
moving with higher velocity towards the drain and thereby reducing the electron 
transit time. In addition, by controlling the thickness of the drift layers in the graded 
channel, higher breakdown voltages can be achieved. 
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[0016] In one embodiment, illustrated in Fig. 2, the graded channel comprises three 
doping levels. The doping levels are typically greater than the intrinsic concentration 
of the material used in the static induction transistor. Further, the doping level is 
lower than the doping level of the source and drain regions of the static induction 
transistor. In an embodiment, wherein the static induction transistor is designed using 

18 3 

silicon carbide and the source and the drain regions have a doping level of 10 /cm , 
region 210 has a doping level of 10 15 /cm 3 , region 220 has a doping level of 10 16 /cm 3 
and region 230 has a doping level of 10 17 /cm 3 . The intrinsic carrier concentration of 
silicon carbide at room temperature is on the order of 10" 8 /cm 3 . The doping profile of 
the graded channel from the source region to the drain region is illustrated in Fig. 3. 
The x-axis represents a distance in microns and the y-axis represents the logarithm of 
the concentration of doping. 

[0017] Continuing with reference to Fig.l, a further embodiment, of the invention 
comprises the gate region of the static induction transistor extending along a side wall 
132 of the graded channel. By disposing the gate region along the side walls of the 
channel as shown in Fig.l, the crowding of the electric field lines at the edges of the 
gate regions 410 and 420 is substantially reduced as shown in Fig. 4. 

[0018] In one embodiment, the static induction transistor operates at a frequency of 
at least 1MHz. In the embodiment, illustrated in Fig. 1, the static induction transistor 
operates at a frequency of more than 1 MHz. In other embodiments, the static 
induction transistors can operate at frequencies in the gigahertz range. In the 
embodiment, illustrated in Fig. 1, the static induction transistor operates at a frequency 
of more than 68 MHz. In another embodiment, the breakdown voltage of the static 
induction transistor is more than 60 Volts. In the embodiment of Fig. 1, the 
breakdown voltage of the static induction transistor is 210 Volts. 

[0019] Fig. 5 is one embodiment of a high frequency, high power system 300 
employing the static induction transistor of FIG. 1 to which embodiments of the 
present invention are applicable. An example of system 300 is an RF power supply 
system. System 300 comprises DC-DC converter 310, SIT inverter 320, impedance 
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transformer 330, capacitive bank 340 and induction coil 350. The operation of system 
300 is described below. 

[0020] DC-DC converter 310 is coupled to the SIT inverter 320 and supplies a 
direct current voltage. In an embodiment, maximum voltage and current of the 
converter is 400-600V and 80A to 100A respectively. The output RF power can be 
controlled by changing the DC output voltage using the dc-dc converter. The output of 
the SIT inverter 320 is coupled to an impedance transformer 330. The impedance 
transformer matches the SIT and induction coil 350. The system further comprises a 
capacitor bank 340, which is tuned to provide maximum current at the resonant 
frequency of the circuit comprising the induction coil and the capacitor bank. The 
driving frequency of the induction coil is modified by adjusting the corresponding 
frequency of the rectangular gate signals of the SIT inverter devices. The SIT 
implemented according to the invention is capable of operating at high switching 
frequencies in the megahertz (MHz) Range. 

[0021] The previously described embodiments of the present invention have many 
advantages, including a low channel resistance resulting in a lower electron transit 
time due to the graded channel. In addition, field crowding effects in the channel 
region are substantially reduced due to the extended gate region over the walls of the 
graded channel. Another advantage is the higher breakdown voltages that are 
achieved by the design according to the invention. 

[0022] While only certain features of the invention have been illustrated and 
described herein, many modifications and changes will occur to those skilled in the 
art. It is, therefore, to be understood that the appended claims are intended to cover all 
such modifications and changes as fall within the true spirit of the invention. 
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